ABSTRACT Four hundred and eighty-six textile workers in three cotton mills and one wool/synthetic mill were studied for symptoms and functional effects of workroom exposure to dust. Byssinosis was found in 5'7% of 386 cotton workers, with an apparent threshold level of 05 mg cotton dust/m3 of air. Mean post-shift functional declines were greater in workers exposed to > 0-2 mg/m3. Workers with byssinosis were unequally distributed, however, with respect to job category and mill; and these variables, rather than current dust exposure levels, accounted for the observed distribution of byssinosis prevalence rates. Variation in biological potency of different samples of cotton dust could be responsible for 'mill effect', the residual variation in response rates by mill after controlling for variation due to dust exposure. A number of other potential influencing variables that are likely to be distributed unequally by mill should also be considered. Mill effect should be assessed in large-scale studies of byssinosis, most of which have analysed biological response rates by combining mill and other variables to examine first-order effects of dust dosage. In such analyses, much of the observed variability may be due to factors other than dust dosage.
The relationship between cotton dust exposure and respiratory illness is complicated, but many basic features were recognised more than one hundred years ago. For example, Leach (1863) stated that illness was more prevalent among workers in the early stages of processing cotton, in dustier work places, and in mills using lower grades of cotton. The disabling character of the chronic illness was noted, as was the healthful effect of providing adequate dust control. Despite this fund of sound observations, byssinosis remains an important cause of morbidity and disability. Progress in understanding the disease has been hindered by several problems (US Department of Health, Education and Welfare, 1974) . There is no reliable assay for bioactivity of cotton dust. There is lack of agreement on a standard way to measure airborne dust levels. Detection of acute responses to cotton dust has depended heavily on questionnaire data. There is still uncertainty regarding the precise relationship of acute lung function abnormalities or symptom. to the chronic, disabling respiratory disease. There is no clinical marker to distinguish the chronic disease from chronic airways obstruction ordinarily found in the general population.
The present study was undertaken to examine the effects of low current dust exposures, with inclusion of differing past exposures as an independent variable. The method of comparing effects of past exposures was to study mills with different histories of dust control. In examining byssinosis prevalence rates we observed that mill could be a significant influencing variable. Under certain circumstances, failure to control for this variable could lead to faulty analysis of relationships between dust dose and biological response.
Methods

STUDY DESIGN
This study was designedtodetectandquantifyadverse responses to low levels of dust generated in cotton textile mills. In order to examine effects of past cotton dust exposure levels, mills of three major textile manufacturing companies were selected with low current dust levels and with different past histories of dust generation. The mills are designated I to IV. Mill I had processed cotton for only four years and represented the combination of low cur-305 R. N. Jones, J. E. Diem, H. Glindmeyer, V. Dharmarajan, Y. Y. Hammad, J. Carr, and H. Weill Table 1 shows the distribution of the population in the four mills, and Table 2 the characteristics of the study population. (The sequential operations in cotton textile milling are shown later, in Table 4 .) In Mills I, III, and IV, the total population of openers to warpers inclusive, was selected for study. The Mill II population was too large to study in the time allotted, so all workers in preparation jobs (opening to roving inclusive) were selected, and the group in spinning, winding, and twisting was sampled using a simple random sample.
For inclusion in the study, a subject must have worked for at least one year in the mill. In the control mill (Mill IV), those who had in the past worked 12 or more months in cotton mills, were excluded. The population so defined consisted of 524 potential study participants. In addition to the above requirements, each participant must have been off work for at least 35 hours before pre-shift testing on Monday, and must have worked at least five hours before post-shift testing.
Four We measured dust levels in accordance with specifications of the National Institute of Occupational Safety and Health (NIOSH) criteria document for a cotton dust standard (US Department of Health, Education, and Welfare, 1974) . The collecting instruments were Lumsden-Lynch vertical elutriators. Most of these were modified with a T in the pump tubing to permit simultaneous collection of total and elutriated dust samples. All the vertical elutriators were calibrated before sampling in each mill: the critical orifices used to control flow rates were calibrated against a flow meter, and the meter was calibrated against a spirometer and stop-watch. All pumps were shown to provide a vacuum of at least 381 mmHg. Flow rates of the elutriators Four hundred and eighty-one samples were collected during textile production in the six installations: these comprised 261 elutriated samples and 220 total dust samples. Twenty-nine samples were collected in work areas before production was started.
ASSESSMENT OF SYMPTOMS
The Medical Research Council questionnaire (1960) , modified for detecting byssinosis, was administered by three trained interviewers. Subjects were interviewed either before or after work on Monday. Those who had ever regularly smoked cigarettes were considered to be smokers and all others were considered to be non-smokers. 'Preparation' jobs included opening to roving, inclusive. Byssinosis was classified according to the criteria of Schilling et al. (1955b; 1963) and maximum expiratory flow at 50% (FEF5o) and 25 % (FEF2s) of FVC. The latter two measurements were derived from instantaneous flow rates on the maximum expiratory flow-volume curve. These two flow rates, and the FEF2s-75, were determined using iso-volume methods, i.e., were computed for the largest FVC whether it occurred in pre-shift or post-shift testing. For relation to predicted values, the standing height was measured to the nearest quarter-inch without shoes on a medical scale.
Fifty-four subjects gave sub-maximal efforts, and their test results were excluded from further analysis. Criteria included non-repeatability, start from submaximal inspiration, slow start, and failure to sustain maximum expiratory effort. An A summary of the average elutriated dust levels at various locations in the four mills is given in Table 4 . Each sampling site was sampled three times on the same day (one sample per shift). The 'number' in Table 4 refers to the total number of samples for all three shifts at different sampling sites within a designated job area. The dust levels in the opening, picking, blending, distribution and carding areas are generally higher than in the subsequent processing areas such as drawing, roving, combing, spinning, winding, twisting, spooling and warping. Wide variations were found in the dust levels between different sampling sites within the same operational area, and also at the same site during different shifts. There was no consistent pattern in the variation of dust levels by sampling site or shift. The control mill (Mill IV), which processes only synthetics, had uniformly low (> 0-17 mg/m3) average elutriated dust levels and showed only minor variations by site, job area and shift.
Fifteen elutriated dust samples collected before work started in the picking, opening and carding areas of Mill II and Mill III averaged 0-08 mg/m3 with a range of 0 01-017 mg/m3. Table 2 shows demographic characteristics of the 486 subjects. Of 386 cotton mill workers, 22 (5 7%) had byssinosis symptoms according to the primary definition. Three of 100 workers in the control mill gave answers defining byssinosis. The distribution of workers with byssinosis, in each cotton mill and in three current dust exposure categories, is shown in Table 5 (the number with byssinosis as the numerator, and the total in each cell as the denominator). Each worker was assigned to one of the three categories according to the measured level of Seventeen subjects, of whom 16 were smokers, had symptoms defined as chronic bronchitis. Nine were employed in Mill II, six in Mill III, and two in Mill IV (one of whom was the non-smoker).
SYMPTOMS
Only one person fulfilled the criteria for chronic byssinosis. He was 34 years old, recalled past symptoms of byssinosis and now has chronic cough and phlegm.
Byssinosis prevalence was analysed using hierarchical log-linear modelling, assuming that the number of study participants in each exposuresmoking category was fixed by design. Table 6 shows the observed rate for each exposure level, for smokers and non-smokers, followed by an estimated byssinosis rate. These estimated rates were derived Higgins and Koch (1977) , with the exception that exact methods for analysing two by two by t contingency tables were used. The small data set led to the use of the exact method analogues of Higgins and Koch's 'termination statistic b' as opposed to 'termination statistic a'. When the variable tested singly for inclusion into the model contained more than two levels, these levels were combined to produce a bisected variable. Table 7 shows the first-order relationships of the explanatory variables (before bisection) and byssinosis, together with the Pearson 2 and the likelihood ratio G2. Based on 2 or G2 per degree of freedom, the variables job and mill have the greatest effect on byssinosis prevalence. Because the magnitudes of these two effects are similar, the effects of all other explanatory variables beyond each (mill, and then job) were tested using the exact conditional maximum likelihood estimate of the combined odds ratio, using the computer program of Thomas (1975) . When using mill to define strata, job had the largest effect, and when using job to define strata, mill had the largest effect. The next model therefore included both variables: after controlling for mill and job, the effect of smoking is significant at the level P = 0-06, and smoking was therefore included in the final model. The fit of that model, specifying that the prevalence of byssinosis depends on mill, job, and smoking, was significantly better than the fit of any simpler model. Current dust exposure level (p = 1 0) and length of employment (p = 0-40) were not significantly explanatory variables.
Because these results were not anticipated, another analysis was performed to assess significance of mill against job, length of employment, smoking, and exposure level. These variables were jointly used to define strata, resulting in 36 tables (2 job x 3 length x 2 smoking x 3 exposure categories). A number of these tables had zero marginal sums and thus did not contribute to the test statistic. Using the methods of Thomas (1975) an exact test was applied to determine whether the combined odds ratio was significantly different from 1. For mill, the estimated ratio was 5 30, which is consistent with significant mill effect beyond the other variables (p = 0 02).
It should be noted, however, that the ability to discern a significant effect of exposure level beyond mill and job category was undoubtedly precluded by the strong associations between exposure level and those variables. Preparation workers in Mill II had the highest prevalence of byssinosis, but these workers were all in the high exposure level category; significantly more non-preparation workers were in the intermediate-low category. Table 8 shows the Four hundred and eighteen workers had complete lung function data for analysis of baseline (pre-shift) values and changes over the working shift. Of these, 333 were cotton workers and 85 worked in the control mill. Seven of the cotton workers could not be assigned to preparation or later job categories. Table 9 presents mean values for baseline function and shift changes, categorised by fibre type and by smoking status. Table 10 shows mean values categorised by mill, by current dust exposure levels, and by smoking. Table 11 shows P values for tests of significance for the influencing variables. Using methods described by Barr et al. (1976) partial F tests to 
Discussion
In the 1950s, a number of studies, primarily by Schilling and various colleagues (Schilling, 1950 (Schilling, , 1956 Schilling et al., 1955a, b; Roach and Schilling, 1960) , demonstrated the extent and severity of byssinosis in textile mills. This led to new standards for permissible exposure, and to the gradual installation, in the 1960s, of more efficient equipment for dust control. The increased use of dust suppression allowed study of large groups of textile workers exposed to mean levels of less than 1 mg elutriated (or 'fine', or 'respirable') dust/m3. Three studies published in the 1970s constitute the entire literature on the subject of responses to very low levels of cotton dust. Merchant et al. (1973) studied 1784 workers exposed to dust in three cotton and two cotton-blend mills, with a control group of 798 workers in three synthetic/wool mills. These investigators concluded that, for workers in preparation and yarn areas, a safe level of exposure was at or below 0 1 mg/mi3. A separate analysis for slashing and weaving areas was said to support a safe level of 0 75 mg/m3. Berry et al. (1974) studied 1006 operatives in 14 cotton mills and suggested that the need for a standard was met by a level of 312 R. N. Jones, J. E. Diem, H. Glindmayer, V. Dharmarajan, Y. Y. Hammad, J. Carr, and H. Weill 0 5 mg/m3 (as fine dust, which would be roughly equivalent to 0 3 mg/m3 measured by the vertical elutriator). Fox et al. (1973) studied 1140 operatives in 11 cotton mills and concluded that a level of 0-37 mg/m3 would be expected to result in a 5 % prevalence of byssinosis.
Given the difficulties peculiar to the study of byssinosis, some disagreement between results is not surprising. The major lesson to be learned from the present study is that a commonly used technique of data analysis can give rise to serious confusion about the relationship of dust dose and biological response. It is disturbing to note the ease with which a spurious dose-response curve could be derived from our data by combining or pooling data to analyse the effect of current dust levels. The average byssinosis rates by dust category are (Table 5) : low = 1-3 %, intermediate = 2-7%, and high = 10 6%. For smokers only, the average rates in the respective categories are 2-1 %, 3 3%, and 14-4%. Either set of rates, by comparison with the 3 % prevalence observed in the synthetic/wool mill, could be used to contend that levels under 0 5 mg/m3 were demonstrably safe.
In our analysis, however, the observed variability of byssinosis prevalence could be explained by the distribution of the study population with respect to mill and job category, and to a lesser extent to smoking. Mean changes in lung function were more suggestive of adverse responses to current dust levels. The mean post-shift declines in FEV1.o in both the intermediate and high exposure categories (Table 10) were twice as large as the decline in the control mill (Mill IV) and over three times as large as the decline in the low cotton dust exposure category. A putative threshold for the acute postshift functional decline is therefore at or near 0-2 mg/m3: another for byssinosis symptoms (from the first-order relationship, and disregarding the limitations in analysis discussed above) is at or near 0 5 mg/m3. In this population we suggest that a level of cotton dust exposure which carries an acceptably low risk for byssinosis falls somewhere between 0-2 and 0-5 mg/mr3. However, in view of the many potential influencing variables involved, it seems unrealistic to expect that a single standard applied to the entire cotton textile industry will be equally protective in all mills.
In searching for variables that might produce different biological response rates in each mill, one must immediately consider variations in biological potency of the airborne dust. Potency is related to the grade of raw cotton processed. This is not the only determinant, because spinning produces a less dangerous dust, milligram for milligram, than does carding cotton of the same grade. The substance causing byssinosis has yet to be identified, and this lack of ability to equate ambient dust levels with effective dosage is the major impediment to understanding the pathogenesis of byssinosis. In addition to this major uncertainty, other factors might operate to produce 'mill effects'. Borrowing a concept from infectious diseases, there are host and response variables to add to those imputed to the agent. The design of our study included population selection to examine host factors, especially effects of past exposure to cotton dust. During the week chosen for study it was our misfortune to find high cotton dust levels in the mill selected for past high exposure levels. The result was inability to separate the influences of past and present dust levels on byssinosis rates. Other host factors are possible, including innate propensities to develop symptoms and functional changes of airways obstruction in response to inhaled dusts. Race and sex have in the past been examined as risk factors, with inconclusive results (Merchant et al., 1973; Berry et al., 1974) . Subjects with hyperreactive airways may leave the industry because of past high dust exposures in a particular mill, resulting in a remaining workforce that is relatively unresponsive to current dust levels. Atopy must receive consideration as a host factor influencing airways reactivity. Smoking is an example of an acquired host factor as well as a major confounding variable in assessment of symptoms and functional impairments. Response factors, or influences affecting detection of biological effects, could also be variable between mills. In a mill where dust levels were high in the past, many workers might respond positively to questions about current Monday chest tightness, based on their personal past experience with this symptom. Bias might also be introduced into questionnaire data in a mill where workers were highly concerned about the potential hazard of byssinosis and exhibited enhanced awareness of respiratory symptoms.
Ignoring distinctions in combining these and other variables to form dosage categories can therefore sacrifice information about those variables. It can also distort the dose-response relationship and can produce an apparent relationship that is not attributable to current dust levels at all. Variations in disease rate by mill or similar exposure unit should therefore be sought and analysed in large-scale prevalence studies. This suggestion is made with the recognition that mill effects are ultimately related, not to the strictly economic or industrial entities, but to more specific features of the relationships of agent, host and response.
